Abstract ■ Transcranial direct current stimulation (tDCS) has been reported to improve working memory ( WM) performance in healthy individuals, suggesting its value as a means of cognitive enhancement. However, recent meta-analyses concluded that tDCS has little or no effect on WM in healthy participants. In this article, we review reasons why these meta-analyses may have underestimated the effect of tDCS on WM and report a more comprehensive and arguably more sensitive metaanalysis. Consistent with our interest in enhancement, we focused on anodal stimulation. Thirty-one articles matched inclusion criteria and were included in four primary meta-analyses assessing the WM effects of anodal stimulation over the left and right dorsolateral pFC (DLPFC) and right parietal lobe as well as left DLPFC stimulation coupled with WM training. These analyses revealed a small but significant effect of left DLPFC stimulation coupled with WM training. Left DLPFC stimulation alone also enhanced WM performance, but the effect was reduced to nonsignificance after correction for publication bias. No other effects were significant, including a variety of tested moderators. Additional meta-analyses were undertaken with study selection criteria based on previous meta-analyses, to reassess the findings from these studies using the analytic methods of this study. These analyses revealed a mix of significant and nonsignificant small effects. We conclude that the primary WM enhancement potential of tDCS probably lies in its use during training. ■
INTRODUCTION
Working memory ( WM) refers to the ability to temporarily maintain and manipulate information in active awareness (Smith, 2001) . WM is essential for performing many cognitive tasks ( Wiley & Jarosz, 2012) , and individual differences in WM capacity are correlated with individual differences in intelligence (Engle, Tuholski, Laughlin, & Conway, 1999) . In part for this reason, the feasibility of enhancing WM has been explored with training (MelbyLervåg & Hulme, 2013) , stimulant medications (Ilieva, Hook, & Farah, 2015) , and transcranial direct current stimulation (tDCS; Brunoni & Vanderhasselt, 2014) . Here, we look more closely into the tDCS and WM enhancement literature.
Early reports of tDCS effects on WM suggest that enhancement is possible through anodal stimulation of the left dorsolateral pFC (DLPFC), a finding that makes sense given the tendency for anodal stimulation to enhance neuronal excitability (Nitsche et al., 2008; Priori, 2003; Nitsche & Paulus, 2000) and the role of the left DLPFC in WM (Carpenter, Just, & Reichle, 2000) . In an early study of 15 healthy volunteers, Fregni and colleagues (2005) found a significant effect of left DLPFC anodal stimulation on WM performance in a 3-back task. This was followed by other small studies assessing left DLPFC stimulation on WM in patient groups (see Nitsche et al., 2008) and healthy populations (e.g., Ohn et al., 2008) . The literature has continued to grow and has prompted three recent attempts to synthesize the available findings by meta-analysis.
The earliest meta-analysis, combining tDCS and repetitive TMS studies of patients and healthy individuals, focused on the n-back task to operationalize WM (Brunoni & Vanderhasselt, 2014) . In the n-back task, participants monitor a sequence of stimuli and must respond when the current stimulus is identical to the one presented n stimuli back. Meta-regression showed significant WM improvements in speed but not accuracy with tDCS. As most of the tDCS studies were done in healthy participants (16/19), these results provide some indication that tDCS probably enhances healthy WM performance as measured by speed of responding, but not accuracy. However, this meta-analytic review included a mix of different stimulation montages, such that the effects of anodal stimulation of the left and right DLPFC were grouped together. Further limiting the informativeness of this analysis with regard to WM, only one type of WM task was included. Performance on other WM tasks, such as digit span or the Sternberg working memory scanning task, was not examined.
A second meta-analysis surveyed the literature on tDCS and WM, along with other cognitive abilities; included multiple WM tasks; and concluded that tDCS has no reliable effect on WM (Horvath, Forte, & Carter, 2015) . However, this meta-analysis has been criticized on the grounds that its design would make it difficult to find positive effects of tDCS whether or not such effects exist. Among the contentious design decisions were: limiting the analysis to tasks that had been studied in relation to tDCS by more than one laboratory, reducing the number of eligible studies, and applying inconsistent criteria for selecting dependent variables to meta-analyze when more than one is available (Chhatbar & Feng, 2015; Nitsche, Bikson, & Bestmann, 2015; ; see also Horvath, 2015; Price, McAdams, Grossman, & Hamilton, 2015) .
Most recently, Hill, Fitzgerald, and Hoy (2016) reported the results of meta-analyses covering multiple WM tasks in healthy participants and in neuropsychiatric patients. Two separate meta-analyses were carried out on data from healthy participants, focused on reported effects on RTs and accuracies. A drawback of this study is that, of the 34 studies entered into the meta-analyses of tDCS effects on healthy WM, only 12 different samples of participants were tested. Therefore, contrary to the assumptions of meta-analysis, many of the effect sizes entered into the meta-analyses were not independent of one another. The conclusion drawn from this study was that tDCS has small but significant enhancing effects on WM, whether measured by RT or accuracy.
In summary, despite early evidence that tDCS can enhance WM (Andrews, Hoy, Enticott, Daskalakis, & Fitzgerald, 2010; Ohn et al., 2008; Fregni et al., 2005) , recent meta-analyses have concluded that the effects are reliable though small (Hill et al., 2016) , partial (Brunoni & Vanderhasselt, 2014) , or nonexistent . The present meta-analysis addresses the effect of tDCS on WM with methods better suited to finding an enhancement effect in healthy people, if it exists, than the previous meta-analyses. Relative to the broad aggregation of Brunoni and Vanderhasselt (2014) , who mixed studies of tDCS in healthy and psychiatric populations, we only evaluated WM effects in tDCS studies of healthy participants. Relative to the narrow selectivity of Brunoni and Vanderhasselt (2014) , who excluded tasks other than the n-back, and Horvath and colleagues (2015) , who excluded tasks not reported by multiple laboratories, we included all published data available on WM performance and tDCS in healthy adults.
Five other differences from the earlier meta-analyses would be expected to increase the sensitivity of our analysis in comparison with the three preceding metaanalyses: First, for studies that employed the n-back task, we excluded 0-back and 1-back conditions, which place little demand on WM (Braver et al., 1997) and have been used as control conditions in other WM research (Ragland et al., 2002; Carlson et al., 1998) . Second, we included results from researchers who had not reported the information necessary to estimate a relevant effect size in their published article, using email requests and measurements of published figures as described under Coding procedures. By obtaining this additional information, we were able to expand the pool of evidence and reduce the influence of publication bias. Third, by excluding studies for which active and sham stimulation sessions were not counterbalanced, we increased the quality of the analyzed research. Fourth, we selected the most appropriate dependent variable from each study and combined them meta-analytically, following Ilieva et al. (2015) . As discussed in more detail in the Methods section, under Dependent variables, we used a priori criteria to select dependent variables, rather than separately meta-analyzing accuracy and RT measures and selecting the specific measure of accuracy or RT emphasized by the authors of the original study. Fifth, the fact that the previous three meta-analyses were completed before ours gives our analysis access to later published studies, making it the most comprehensive to date.
Four main issues are addressed by this meta-analysis. First, we ask: For three commonly used anodal stimulation sites, does tDCS have an effect on WM performance in healthy adults, and if so, how large is this effect? Second, we ask: Are certain tDCS setups and contexts more effective for WM enhancement than others? What factors, including reference electrode placement, current density, stimulation before or during task performance, and so forth, moderate WM enhancement by tDCS? Third, we address the issue of tDCS as an adjuvant to WM training: Does tDCS amplify the enhancing effects of WM training, as might be expected given its effects on neuronal excitability and synaptic plasticity (Stagg, 2014 ; see also Santarnecchi et al., 2015) ? Fourth, what role might publication bias play in shaping the literature on tDCS enhancement of WM, and how do the conclusions of that literature differ when the influence of publication bias is estimated and corrected?
METHODS

Literature Search
Online databases PubMed and PsychInfo were searched through December 2014 with the key words transcranial direct current stimulation or tDCS, combined with each of the following: working memory, n-back, Sternberg, span, or cognition. The reference sections of relevant reviews and reports were also searched for eligible studies. Articles available on journal sites ahead of print publication were included.
Eligibility Criteria
Publication Type and Language
Empirical investigations in any report format were eligible for inclusion in the meta-analysis. Research on nonhuman participants, qualitative studies, and nonempirical publications (e.g., review articles, meta-analyses, case studies, commentary pieces, articles on modeling methods) were excluded. Empirical studies that only evaluated the effects of other brain stimulation techniques such as TMS or transcranial alternating current stimulation were also excluded at this level. Only reports published in English were included.
Participants
Eligible participants were healthy adults, aged 18 years and older. Research on participants with a history of mental illness, neurological disease, stroke, brain injury, or disorders of consciousness was excluded. Studies that evaluated the effects of tDCS on sleep-deprived participants were also excluded.
Research Design
Studies with double-blind or single-blind, sham-controlled designs were included. For studies using within-participant designs, the order of stimulation sessions was required to be counterbalanced. Because the goal of the analysis was to assess the enhancing potential of tDCS, we focused on anodal stimulation. Although undoubtedly a simplification of the reality linking brain stimulation and cognition, anodal stimulation is thought to increase excitability of cortical neurons (Nitsche et al., 2008; Priori, 2003; Nitsche & Paulus, 2000) ; cathodal stimulation is generally thought of as being inhibitory and has produced less reliable effects on cortical excitability and behavioral outcomes (Batsikadze, Moliadze, Paulus, Kuo, & Nitsche, 2013; Jacobson, Koslowsky, & Lavidor, 2012) .
Cognitive Construct
Eligible studies assessed WM, the ability to temporarily store and manipulate information in the service of other ongoing cognitive functions (Smith, 2001) , as operationalized by the n-back task, Sternberg task, digit span task, letter number sequencing task, paced auditory serial addition task (PASAT), complex WM span task, operation span (OSPAN) task, symmetry span task, change detection task, delayed WM task, internal shift task, visual STM task, sequential presentation task, and the Corsi block-tapping test.
Dependent Variables
The types and number of dependent variables reported for each task varied across reports. Flexibility in choice of primary dependent variable can predispose to bias (Ioannidis, 2005) , so we adopted a priori criteria for selecting the dependent variables to use in the metaanalysis following Ilieva and colleagues (2015) . Accuracy measures were favored over RT measures unless overall performance was determined to be at ceiling. When measures of performance are near ceiling, they are less sensitive to manipulations and would therefore underestimate the effects of tDCS. For present purposes, a measure was considered to be at risk of ceiling effects if the smaller of the means was within 1 SD of the maximum of the measurement scale. If some, but not all, performance measures were at ceiling (e.g., lower trial loads or easy problem types), data were used for trial types not at ceiling.
Conversely, if accuracy rates are not high, then RT measures are problematic. This is because the RT distribution, even if limited to correct trials, will reflect performance from mixture of different processes: correct use of WM and "lucky" guesses, the latter equal in proportion to the wrong responses when chance performance is 50% (Sternberg, 1998) . For studies reporting multiple nonceiling accuracy-based measures, measures such as d 0 or Cowan's K, which combine hit and false alarm rates, were preferred. If unavailable, overall accuracy followed by hits (accuracy for "yes" trials) was used. For WM span task performance, accuracy was used if available, otherwise longest length correct. This procedure does not introduce bias into the analysis, as would selecting the dependent measure that showed an effect. Furthermore, meta-analysis does not require a common dependent variable (e.g., Rosenthal & Rubin, 1986) .
Determining Study Eligibility
The search process, summarized in Figure 1 , led to the identification of 355 titles, which were narrowed down to 246 after 109 duplicate articles were removed. After screening the abstracts of these articles, an additional 94 reports were excluded because they did not report empirical research on tDCS (89 reports) or were not written in English (five reports).
The full text of the remaining 152 articles was reviewed. An additional 32 reports failed to meet the criteria because they looked at the effects of stimulation in depression or affective disorders (n = 11), stroke (n = 5), schizophrenia (n = 5), Alzheimer's disease and mild cognitive impairment (n = 3), traumatic brain injury (n = 2), Parkinson's disease (n = 1), aphasia (n = 1), posttraumatic stress disorder (n = 1), chronic pain (n = 1), amyotrophic lateral sclerosis (n = 1), or following sleep deprivation (n = 1). Seventeen studies did not meet our research design criteria. Of these, 13 studies did not have sham conditions, three studies with withinparticipant designs did not counterbalance the order of sham and stimulation conditions, and one study evaluated the effects of tDCS delivered intermittently for 15 sec every 15 sec. Four reports were excluded because they measured the effects of cathodal stimulation only. An additional 61 studies were excluded because they measured cognitive constructs outside the scope of the present review (e.g., inhibitory control, episodic memory, creativity, intelligence, motor performance) or evaluated the effects of tDCS on cigarette smoking (n = 2) or alcohol dependence (n = 1). A single article on 1-back, a task that places minimal demand on WM, was also excluded at this level. An additional four investigations were excluded because of too few studies with comparable electrode montages to allow for meta-analysis (active anodal electrode position: cerebellum, n = 2; left parietal, n = 1; occipital, n = 1). Three articles were excluded because the data needed to compute effect sizes were not published, and authors did not respond to our requests.
Disagreements at any level of study selection were resolved by consensus after discussion by the authors of this article. Thirty-one articles were included in the meta-analysis.
Coding Procedures
Coded variables included means and standard deviations for performance under anodal and sham stimulations, sample size, dependent variable, and effect direction. For studies with multiple subgroups of qualifying participants we collapsed results across subgroups for a single measure of effect for healthy, nonsleep-deprived adults. Moderating variables were also coded for two of our main meta-analyses, involving left DLPFC stimulation and left DLPFC stimulation coupled with WM training. All studies were coded by the first author. The second author independently coded a random sample of 30% of reports included in the meta-analyses. Analyses of reliability showed excellent agreement (two-way mixed-model intraclass correlation coefficient for absolute agreement > 0.99 in all cases).
Effect sizes were calculated using means and standard deviations. These descriptive statistics provide less biased estimates of effect size, compared with inferential statistics in repeated-measures designs (Dunlap, Cortina, Vaslow, & Burke, 1996) . As noted earlier, when unavailable from reports, we sought to obtain these data in other ways. First, we requested them by email from authors. Relevant data were obtained from 9 of the 12 researchers contacted. Second, when numerical information was not available but could be measured from graphs, means and standard deviations or standard errors were estimated from published figures using Image J software (imagej.nih.gov/ij/).
The following moderators were coded: active stimulation was dichotomized between "short" (≤15 min) and "long" (>15 min). 4. Timing of stimulation relative to task (online vs. offline): We compared designs in which WM tasks took place entirely or mostly "online," that is, during active stimulation, or mostly "offline," that is, mostly after active stimulation. 5. Task type (n-back vs. other): We investigated whether the most widely used, studied WM task, the n-back, was more or less affected by tDCS than the other tasks that have been used. 6. Length of training period: For training studies only, the length of training period was dichotomized into single day and multiday (2-10 days). 7. Transfer: For training studies only, the use of the same task for training and test versus a different (transfer) task was coded.
Statistical Methods
Effect Size Metrics
Effect sizes were calculated for all studies using Hedges' g (Hedges, 1981) . The conventions used to interpret Hedges' g are similar to Cohen's d such that effect sizes of 0.2, 0.5, and 0.8 are considered to reflect small, moderate, and large effects, respectively (Cohen, 1988) . Hedges' g is calculated by multiplying the effect size Cohen's d by a coefficient J, which corrects for the tendency for studies with small sample sizes to bias the mean effect size positively because of publication bias:
. In combining effect sizes, each effect size was weighed by the inverse of the squared standard error.
The most straightforward measure of enhancement is the difference in performance attributable to stimulation, scaled by the standard deviation of the sample's sham performance. This method addresses the question, "How far along the distribution of normal performance does tDCS stimulation push participants?" The difference attributable to stimulation was calculated by taking the difference between stimulation and sham performance or, when baseline performance data were available, the difference between stimulation-baseline and sham-baseline. Most included investigations had withinparticipant designs, which allow effect sizes to be calculated in a second way as well, scaling performance change by units of variability of change. This addresses the question, "How much of a stimulation-related benefit can one expect, relative to the variability of change scores in the sample?" Both types of effect size analyses are reported here, with primary emphasis placed on the first type.
In our primary analyses, within-and between-participant studies were included. The formulas used, typically employed for between-participant designs, were modified so that the observed standard deviations in the sham condition were entered for both anodal and sham stimulation conditions. In particular:
Our secondary analyses focused on the change score (anodal minus sham) for within-participant designs, specifically the average benefit associated with anodal stimulation, relative to variability of change within the sample. Hedges' g was calculated differently for these designs using the following formula:
The computation of the effect size of change scores requires the correlation between participants' performance in the stimulation and sham conditions, and these correlations are not included in published reports. We therefore set the value of the correlation to .5 in the analyses to be reported but also performed the analyses with r = .2 and r = .8 to assess the dependence of results on the assumed correlation.
Handling of Studies with More than One Effect Size
In a meta-analysis, effect sizes can be assumed to be independent if each effect size comes from an independent study sample (Lipsey & Wilson, 2001) . If multiple effect sizes are included for the same participant sample, the between-study variance will be underestimated, and as a result, the significance of the overall effect will be overestimated. We therefore limited the number of effect sizes per study sample to 1. This was accomplished by coding the effect sizes from the available data for multiple conditions, such as different current levels, different WM loads, different relevant trial types, different time points, or different tasks, and then averaging the effect sizes. When data were split for analysis within the same sample based on education, WM capacity, or performance, effect sizes were also averaged across groups.
If more than one WM task was evaluated in the same experiment and these tasks were both performed either online or offline, effect sizes were averaged to compute one overall effect. If one task was completed online and another was completed offline, results from the first were included in the online stimulation meta-analysis, and results from the second, performed after a WM task during stimulation, were included in the stimulation with WM training meta-analysis. For example, if a 3-back task was performed during stimulation and a Sternberg task was performed immediately after, separate effect sizes would be included in meta-analyses evaluating the effects of stimulation (on the 3-back task) and effects of stimulation coupled with WM training (on the Sternberg task).
Fixed versus Random Effects Model
A fixed effects model assumes that sampling error is the only source of effect size variability, whereas a random effects model assumes that sampling error and betweenstudy variability are potential sources of effect size variability. Effect sizes were estimated using a random effects model because of the variability between individual studies (different stimulation montages, strengths, and durations; measures of WM; and time relative to stimulation that WM was measured) and because we wanted to generalize the findings beyond the examined research.
Estimation of Heterogeneity
Studies are heterogeneous if they differ from one another more than would be expected by the random error of sampling participants, evident in within-study error variance. Heterogeneity of effect sizes was assessed using the Q statistic and the I 2 index. A significant Q statistic indicates that the studies being meta-analyzed are not all of a kind. The I 2 index is an estimate of between-study variance as a percentage of the total variance. I 2 values of 25, 50, and 75 reflect low, medium, and high levels of heterogeneity, respectively (Lipsey & Wilson, 2001 ).
Moderator Analysis
One of the goals of this meta-analysis is to discover what factors influence the effectiveness of tDCS for the enhancement of WM. We approach this goal with moderator analysis, which tests specific factors for their roles in moderating the effect size. This differs from the more intuitive practice of simply testing different sets of studies separately and reporting the two different significance levels or effect sizes, as Hill et al. (2016) did for online and offline stimulations. In the case of moderator analyses, one can determine not only whether different conditions have different effects but also whether that difference is itself reliable.
Moderator analyses are typically conducted only if significant heterogeneity is found. However, lack of heterogeneity can emerge from either the absence of significant moderation or the presence of two or more moderators whose effects cancel each other out. We therefore planned to conduct moderator analyses regardless of heterogeneity results for the primary analyses. Because lack of a significant moderation effect, like any other effect, would be expected when sample sizes are very small, moderation analyses were only conducted when at least 10 studies were available to analyze.
The effects of the dichotomous moderators described earlier were examined using mixed effects analyses. This type of analysis assumes that effect size variation is because of a combination of systematic associations between moderators and effect sizes, random differences between studies, and participant-level sampling error.
Some moderator analyses were complicated by studies having more than one level of a moderator in a single study. These included analyses of current density, task timing (online vs. offline), and task type (n-back vs. other). This occurred when more than one current density was evaluated, when WM performance was measured at multiple time points within the same study, or when a single study evaluated performance on multiple tasks, one of which was the n-back. These analyses were approached in two ways. First, to satisfy the assumption of independence between effect sizes, we excluded, from moderator analyses, studies that had data for more than one level of any moderator variable. In a separate second analysis, we employed the shifting unit method, in which the same study is allowed to contribute to each level of the moderator (Cooper, 2010) . Whereas the first approach leaves meta-analysis assumptions unviolated, the latter approach makes use of all available data. The findings based on both approaches were in agreement, and only data based on the latter approach are reported here.
Publication Bias
Significant findings are more likely to be published than null results, and as a result, the literature may not represent the true set of research findings (Rothstein, Sutton, & Borenstein, 2006) . Three methods were used to assess publication bias: funnel plots, trim-and-fill procedure, and fail-safe N (Lipsey & Wilson, 2001 ). These analyses were conducted without correcting for the factor J, which itself serves to correct for publication bias.
The funnel plot is a qualitative, visual method for assessing publication bias by plotting study effect sizes against standard error (the inverse of study precision). The lower the precision, the greater the dispersion of effect sizes around the true value, making the shape of the scatterplot look like a funnel, if publication bias is absent. If publication bias is present, the funnel plot is negatively skewed, with missing points in the lower left part of the plot.
The trim-and-fill procedure calculates an unbiased estimate of the effect size in case of publication bias. Outliers on the funnel plot, which indicate extreme positive effects, are identified from the analysis, and a mirror image data point is imputed on the left side of the funnel plot. The corrected data are used to obtain an unbiased effect size estimate.
Finally, the fail-safe N indicates the number of studies with a zero effect size that, if added to the analysis, would render the mean effect size nonsignificant. Publication bias is unlikely if the fail-safe N is large relative to the number of studies meta-analyzed. A commonly used threshold is 5k + 10, where k is the number of metaanalyzed studies (Rothstein et al., 2006) .
Test for Outliers
To prevent extreme findings from biasing our results, we tested for outliers ≥ 3 SD above or below the mean of all eligible effect sizes within each separate meta-analysis. As noted below, no study met this outlier criterion in any of the analysis.
Software
All analyses were performed using Comprehensive MetaAnalysis 3.0 software (Englewood, NJ).
RESULTS
Overview of Results
Meta-analyses investigating the effects of tDCS on WM were conducted for four anodal stimulation montages: left DLPFC stimulation, right DLPFC stimulation, right parietal lobe stimulation, and left DLPFC stimulation coupled with WM training.
Three additional meta-analyses were carried out, applying our coding and analytic methods to studies selected by the criteria of Brunoni and Vanderhasselt (2014) , Horvath and colleagues (2015) , and Hill and colleagues (2016) , to better understand the relation between the results of the present analysis and theirs.
For each group of studies, two measures of effect size were calculated and reported, as explained in the section on Effect size metrics. The effect size reported as the primary result refers to the amount by which tDCS would be expected to enhance WM measured against variability in normal (nonstimulated) WM performance. We also report the amount by which tDCS enhances WM relative to the variability of change associated with tDCS. The outcomes were similar in all cases. To assess the influence on the latter, change-based, measure of assumptions concerning the correlations between the repeated measures of within-participant designs, we compared the results obtained with different assumptions. Compared with results obtained assuming that r = .5, results assuming r = .2 and r = .8 were very similar. Of the 12 change effect sizes computed with these alternate r values, the largest deviation in value of Hedges' g was 0.05. Therefore, we only report effect sizes calculated based on an imputed correlation of .5 between repeated measures.
Using the main effect size measure, we also report heterogeneity and three assessments of publication bias. In no case did heterogeneity or publication bias results differ qualitatively for the second effect size measure, so we do not report them here. In the absence of significant heterogeneity, we conducted moderator analyses when there were at least 10 studies to analyze, specifically left DLPFC stimulation and left DLPFC stimulation with WM training. There were no outliers identified in any of the meta-analyses.
The Effect of Left DLPFC Stimulation on WM
The 23 studies shown in Table 1 The funnel plot revealed a slightly negative skew for this set of studies, represented by the open circles in Figure 3 , suggestive of publication bias. Consistent with this, the trim-and-fill procedure trimmed 6 data points. After correction by trim-and-fill, with the imputed effect sizes shown as solid circles, the effect was reduced to a nonsignificant trend with the 95% CI only barely crossing from positive effect sizes to zero, Cohen's d = 0.12, 95% CI [−0.001, 0.25] . The fail-safe N procedure indicated that only 14 unpublished studies with an effect size of zero at the time of analysis (i.e., not captured by the present analysis) would nullify the significance level of the uncorrected results. Taken together, the skew of the funnel plot, the reduction of effect size with the trim-and-fill procedure, and the low fail-safe N results suggest the need for caution in interpreting the small enhancement effect found here.
The Effect of Right DLPFC Stimulation on WM
The eight studies of Table 2 examined the effect of right DLPFC anodal stimulation on WM. No effect was found in the primary analysis: Hedges' g = 0.04, 95% CI [−0.19, 0.27] (Figure 4) . Similar results were obtained for effect size measured relative to the variability of gain scores: Hedges' g = 0.07, 95% CI [−0.11, 0.26] . There was no evidence of heterogeneity: Q(7) = 2.17, p = .95, I 2 = 0.00. The funnel plot, shown in Figure 5 , appears slightly skewed, and the trim-and-fill procedure trimmed 3 data points, causing the average effect size to become nonsignificantly negative, Cohen's d = −0.05, 95% CI [−0.25, 0.14] . Although the relatively small number of studies calls for caution, the present analysis suggests that anodal tDCS of the right DLPFC does not enhance WM.
The Effect of Right Parietal Stimulation on WM
The seven studies shown in Table 3 Figure 7 , does not appear negatively skewed, and no points were trimmed for the trim-and-fill procedure. In summary, we do not find evidence that anodal right parietal stimulation enhances WM. However, the small number of studies analyzed prevents strong conclusions, and the effect size was similar in magnitude to the effect shown in the left DLPFC stimulation analysis.
The Effect of Left DLPFC Stimulation and Training on WM
Ten studies, shown in Table 4 , examined the effect of WM training accompanied by tDCS over left DLPFC on subsequent WM performance, compared with WM training with sham stimulation. Included under the rubric of training studies are any that assess WM performance after performing at least one training session, with the training carried out with left DLPFC stimulation or sham.
The primary analysis indicated a small but significant effect of stimulation on training benefit: Hedges' g = 0.29, 95% CI [0.06, 0.52] (Figure 8 ). This was also found when effect size was measured relative to change scores: Hedges' g = 0.30, 95% CI [0.08, 0.52]. There was no evidence of heterogeneity, Q(9) = 1.46, p > .99, I 2 = 0.00, or of moderation by any of the factors examined all ( ps > .34). The funnel plot, shown in Figure 9 , appears slightly skewed, and the trim-and-fill procedure trimmed 2 data points. After adding back these points and imputing the missing points, the effect size was reduced but remained significant: Cohen's d = 0.25, 95% CI [0.04, 0.46]. However, at the time of analysis, the fail-safe N procedure indicated that merely seven unpublished studies with an effect size of zero added to the 10 studies analyzed here would nullify the effect. In summary, there is evidence that tDCS enhances the effects of training on WM. However, it would not take a large number of null results to eliminate the effect.
Reanalysis of Anodal Left DLPFC Stimulation Modeled on Brunoni and Vanderhasselt (2014)
Brunoni and Vanderhasselt (2014) meta-analyzed the literature on noninvasive brain stimulation and n-back performance, including both TMS and tDCS, and multiple sites of stimulation. Here, we attempt to relate the present results to theirs by meta-analyzing the effect of left anodal DLPFC tDCS on n-back performance, thus focusing on the stimulation site that appears most promising. The 14 studies included in this analysis are shown in Table 5 . Unlike their analysis, we focus on tDCS in healthy participants, include only 2-back and greater WM loads (including modified and adaptive n-back tasks), and select the performance measure (speed or accuracy) according to whether or not accuracy is susceptible to a ceiling effect, as in the first four meta-analyses reported here. Because their study was published in 2014, we were also able to include more recently published studies. In this way, we present an analysis of the portion of the literature Brunoni and Vanderhasselt (2014) were interested in, after applying our more sensitive analytic approach.
Our main analyses indicated a small but significant effect of stimulation on WM: Hedges' g = 0.20, 95% CI [0.02, 0.38] (Figure 10 ). When measured relative to the variability of gain scores, the effect size was estimated to be similarly small and significant: Hedges' g = 0.19, 95% CI [0.04, 0.33]. There was no significant evidence of heterogeneity: Q(13) = 1.73, p > .99, I 2 = 0.00. The funnel plot, shown in Figure 11 , appears slightly skewed, and the trim-and-fill procedure trimmed 2 data points. After restoring these points and adding the imputed missing points, the effect size was reduced but remained only barely significant: Cohen's d = 0.18, 95% CI [0.002, 0.35] . The fail-safe N procedure indicated that only four studies with an effect size of zero at the time of analysis would nullify the effect. In summary, whereas Brunoni and Vanderhasselt's analysis suggested that tDCS enhanced the speed but not the accuracy of performing the n-back task, the present results allow us to draw a potentially more general conclusion supporting a small but significant effect of anodal left pFC stimulation on n-back performance, albeit an effect that could easily be reduced to nonsignificance by a relatively small number of null results.
Reanalysis of Anodal Left DLPFC Stimulation Modeled on Horvath et al. (2015)
Horvath and colleagues (2015) meta-analyzed the literature on tDCS and a wide variety of cognitive tests. Here, we apply our analytic methods to the WM tasks that fit the task selection criteria of these authors, that is, that tasks must have been used by more than one laboratory. We also included studies published too recently to have been included in their meta-analysis and other studies that appear to meet their criteria. The 16 studies included in this analysis are shown in Table 6 .
Our main analyses indicated a small effect that only missed significance: Hedges' g = 0.16, 95% CI [−0.01, 0.34] (Figure 12 ). Relative to the variability of gain scores, Hill and colleagues (2016) meta-analyzed the literature on anodal tDCS on WM tasks. Here, we apply our analytic methods to the WM tasks that fit the task selection criteria of these authors, specifically the n-back (excluding 1-back), Sternberg, and digit span tasks. Similar to the previous analyses modeled on different meta-analyses, we included more recently published studies and other studies that appear to meet their criteria. The 16 studies included in this analysis are shown in Table 7 . Coincidentally, the criteria of Hill and colleagues netted the same set of studies as those selected by Horvath and colleagues' criteria. We derived a single effect size from studies in which multiple tasks were performed by the same set of participants. In addition, because Hill et al. (2016) reported finding effects only for offline stimulation, we also separately analyzed the effects of online and offline stimulations using our main effect size measure.
Our main analysis found a small effect that only missed significance: Hedges' g = 0.16, 95% CI [−0.01, 0.34] (Figure 14) . Relative to the variability of gain scores, the effect size was similarly small but did reach significance: Hedges' g = 0.16, 95% CI [0.03, 0.29].
Contrary to expectation, given the earlier group's finding of significant effects for offline but not online stimulation, there was no evidence of heterogeneity: Q(15) = 3.06, p > .99, I 2 = 0.00. Separately analyzing the effects of offline (n = 13) and online (n = 7) tDCS yielded nonsignificant effects in both cases: Hedges The funnel plot, shown in Figure 15 , appears slightly skewed. The trim-and-fill procedure trimmed five studies, reducing the estimated effect size to Cohen's d = 0.10, 95% [−0.05, 0.26] . Fail-safe N is not reported because the overall effect size was not significant according to our main analysis.
Summary of Findings
The clearest effect of tDCS on WM comes from its use in WM training. Left DLPFC anodal stimulation during training improved subsequent WM performance to a small but significant degree, and the effect remained significant after correction for publication bias. That the clearest support for tDCS in WM enhancement comes from its use with training makes sense in light of its known effects on cellular and synaptic physiology (Stagg, 2014) , and recent discussions of cognitive enhancement with tDCS have emphasized its potential to enhance learning (e.g., Santarnecchi et al., 2015) . However, it should be borne in mind that this conclusion comes from a relatively small number of studies (10), and an even smaller number of unreported null results (7) would eliminate the effect.
It also seems possible that left DLPFC anodal stimulation enhances WM performance independent of training, although the evidence is somewhat equivocal. The effect was small but significant, with evidence of publication bias. After attempting to correct for this bias using the trim-and-fill procedure, the effect became nonsignificant. Although a relatively large number of studies went into the analysis of this effect (23), the number of null results needed to eliminate the effect is disconcertingly small in proportion (14) . When the selection criteria of three recent meta-analyses were replicated and analyzed with the methods used here, left DLPFC anodal stimulation was found to produce a small but significant effect when adopting Brunoni and Vanderhasselt's (2014) focus on the n-back task and small, near-significant effects using Horvath et al.'s (2015) and Hill et al.'s (2016) approaches to study selection. Neither right DLPFC nor right parietal anodal stimulation appeared to enhance WM, at least according to the relatively small set of studies analyzed here (eight and seven, respectively).
DISCUSSION
Despite the substantial literature on tDCS and WM, of which data from 31 published reports were meta-analyzed here, the true enhancement potential of tDCS for WM remains somewhat uncertain. At present, the best provisional conclusion is that anodal stimulation of the left DLPFC can boost the effectiveness of WM training and may possibly also be helpful when applied before or during tests of WM. However, the effects appear to be small.
The issue of whether, and by how much, tDCS enhances WM would seem to be a straightforward empirical question, which more than a few published studies have addressed. Why then is it so difficult to derive a clear answer from the literature? Several aspects of research practice in this field contribute to the persisting uncertainty.
First, the study designs used in this literature generally include small samples of participants. For example, in the largest set of studies, those assessing the effect of left DLPFC stimulation on WM, over a half of the studies included fewer than 16 participants receiving stimulation. Across a range of assumptions concerning variability in both within-versus between-participant designs, these small samples will render the experiments badly underpowered for detecting small effects such as those found here. Second, the tasks used to assess WM offer researchers a choice of specific measures to analyze. To take as an example the most frequently used WM task, n-back, one can focus on total accuracy, misses (a measure of accuracy on n-back matches), overall RT, or RT to n-back matches. If decisions about which measure to prioritize in analysis are made after the data have been examined, researchers can be lured by chance differences to focus on the measure with the biggest effect, believing that it shows the enhancement effect "most clearly."
Third, tDCS studies of WM in healthy participants are relatively easy and inexpensive to carry out, compared with fMRI studies or studies of unusual participants. This minimal investment would be expected to increase the willingness of researchers to simply scrap null or inconclusive results rather than to report them so that they can instead move on to a new study. All three of these characteristics increase the risk of spurious findings and publication bias and make it difficult to assess the true enhancing potential of tDCS.
Research laboratories are not the only contexts in which tDCS is used in an attempt to enhance cognition. A growing number of people are using tDCS to perform better at work or in online gaming, with online communities offering advice concerning the purchase, fabrication, and use of tDCS devices (Batuman, 2015) . Subscribers to the largest Web site number in thousands (Jwa, 2015) . How can this practice be reconciled with the weak effects found here? Several possibilities exist. Users may be experiencing a placebo effect. Alternatively, a subset of individuals may experience real enhancement effects and they may be overrepresented among users, even though their response is not typical. It is also possible that small improvements to WM can lead to larger improvements in other tasks or that small improvements are themselves worthwhile. Finally, it is of course possible that tDCS enhances cognitive systems other than WM. New stimulation protocols using transcranial current are now being explored, raising new possibilities for cognitive enhancement as well as new questions regarding efficacy. High-definition tDCS, in which multiple small electrodes are used to create more focal current flow, may more effectively modulate cognitive abilities including WM (e.g., Nikolin, Loo, Bai, Dokos, & Martin, 2015) . By varying current over time, with alternating current stimulation, random noise stimulation, and pulsed current stimulation, potentially different psychological effects may be obtained. The effectiveness of these new stimulation protocols for cognitive enhancement remains to be determined as the literature grows. It stands to reason that tDCS and newer forms of transcranial current stimulation could modulate cognitive performance and learning, given their effects on neuronal excitability. Discovering which of these methods can enhance cognition requires adequately powered studies, a priori selection of outcome measures, and reporting of null results. Reprint requests should be sent to Lauren Elizabeth Mancuso, Center for Neuroscience and Society, University of Pennsylvania, 3720 Walnut St., Philadelphia, PA 19104, or via e-mail: itslauren mancuso@gmail.com.
